Filtration of late log-phase cultures of Bacillus megaterium ATCC 19213 grown on defined sucrose salts medium (SS) or SS plus glutamate medium (SSG) through nine layers of Whatman no. 40 filter paper in a fritted-glass disc Buchner funnel resulted in filtrates containing cells which showed synchronous growth and proceeded to sporulation. SS cells completed one synchronous division after filtration; sporulation ensued after the cessation of growth. SSG cells completed two synchronous divisions and sporulation occurred during the second division. A high degree of synchrony of vegetative growth of SSG cells was evident by the stepwise pattern of growth, by the doubling of cell numbers at each division, the high division index, and by the rapid formation of sporulation cell types and homogeneity of cell types in the filtered cultures when compared with asynchronous cultures. Because the described system gives both good growth and sporulation synchrony, the method should be useful in delineating early events in sporulation and their regulation.
It is beyond the realm of conventional culture techniques to study the metabolic activities of a single bacterial cell. Therefore, the manipulation of a culture when, ideally, all the cells are engaged in the same metabolic activities has been a useful tool in physiological studies.
Several well-defined events take place during the process of sporulation (12, 13, 22) . These events include the production of acids, the turnover of protein, the division and separation of nuclear material, and the formation of spore components and structure. These steps have been characterized in cells grown asynchronously or with the use of the active culture technique (11) . The latter gives good sporulation synchrony and has been useful in defining many late stages of sporulation.
Synchronous culture techniques have achieved sufficient development to be applied to a complex physiological system such as sporulation (7, 30 of events occurring in a single cell during the process of sporulation.
This report describes an easily performed "selective synchrony" method which gives both growth and sporulation synchrony and which, because of good division synchrony, should be useful in studying early events of sporulation and their regulation. A comparison is made of cells grown asynchronously and synchronously in a defined sucrose salts medium without (SS) and with glutamate (SSG). In the latter medium, the results suggest that terminal cell division and sporulation can proceed together.
MATERIALS AND METHODS
Organism and culture media. B. megaterium ATCC 19213, originally obtained from the Department of Microbiology at the University of Texas, was grown on SS medium prepared according to Slepecky and Foster (27) . In some experiments, the SS medium was supplemented with additional sucrose (to 0.5%), (20) . Each of two 600-ml Pyrex Buchner-type funnels with a coarse fritted-glass disc, 9.0 cm in diameter, was packed with nine layers of Whatman no. 40 filter paper. The filter-paper pad was then moistened with distilled water and packed down on the fritted-glass disc with a blunt glass rod. Distilled water, 500 ml, was then slowly passed through the pad under suction from a water aspirator. Care was taken so that the pad remained fitted to the funnel. The water in the collection flask was discarded, and the entire assembly was sterilized by autoclaving for 20 min at 121 C. After sterilization and immediately before culture filtration, 50 ml of the sterile medium under study was passed through the filters with suction and was discarded. The culture, ready for filtration, was divided into two equal samples, and each sample was filtered through a separate funnel in about 1 min by suction from a water aspirator. The filtrates containing those cells passing through the filters were then aseptically pooled into a sterile 3 Division index. The division index, defined as the percentage of cells showing a definite transverse septum at any given time, was determined from crystal violet-stained preparations viewed in the phase-contrast microscope.
Criterion for growth. The term growth as used in this paper refers to an increase in cell numbers.
RESULTS AND DiscUSSION
The typical growth and sporulation pattern of an asynchronous culture of B. megaterium grown in SS medium is given in Fig. 1 . Growth of the cells as determined by turbidity measurements and total counts reached a maximum at about 14 hr. After this time, cells no longer divided, but at about 18 hr forespores and sporangia could be detected. Forespore production continued until 22 hr when about 60% of the cells were in the forespore stage. After 22 hr, the number of fore- (12, 13, 22, 29) and by a heterogeneous population of cell types during vegetative growth and sporulation. For example, with the asynchronous culture of B. megaterium, noted previously (Fig. 1) , during the early hours the culture contained a mixture of vegetative cell types, and from 18 to 21 hr contained a mixture of vegetative cells, forespores, and sporangia. Between 21 and 25 hr, the culture contained mainly forespores and sporangia.
When the SS medium was supplemented with nixtures of amino acids, Casamino Acids, Trypticase, or individual amino acids, the cell yield was more than doubled but sporulation still occurred after the cessation of growth. One such case is illustrated in Fig. 2 coincident with the formation of sporangia. Total cell count after filtration was 12 X 107 per ml, and in 3 hr the count increased to 25 X 107 per ml.This almost exact doubling of cells, as well as the 3-hr generation time, was consistently obtained under these growth conditions. At 4 hr (1 hr after the cessation of growth), the cells formed forespores, followed by the formation of sporangia. After 6 hr, the cells were more out of phase than in the previous hours; however, the degree of sporulation synchrony was still much greater than that found in the asynchronous system. Filtration of cells at times earlier or later than those times indicated resulted in asynchrony.
Evidence suggesting that the filtration selects for particular size chains of cells is given in Fig. 4 The synchrony obtained may have been achieved by the selection of a certain size chain; the originators (20) of the ifitration technique made this interpretation. However, recent findings (9, 14, 15) with anion-exchange cellulose filters which bind bacteria indicate that only newly formed daughter cells are eluted and then grow synchronously. The finding that doublet cells predominate in the filtrate by use of the present technique suggests a similar phenomenon. Perhaps filtration in the cold or chemical inhibition of possible division during filtration could resolve this point; however, the possibility of introducing physiological abnormalities by such treatment exists. This fact has led to criticism of methods of induced synchrony (1, 18) .
Our rapid ifitration method, involving a minimum of handling and physiological changes, for attaining a synchronous growth division followed by fairly well-phased sporulation stages differs from the "sporulation synchrony" methods used by others (8, 11, 29) . "Sporulation synchrony" obtained by the active culture technique is based on sporulation ensuing after the last of a series of transfers of cells. The rapid appearance of sporangia was the only criterion for synchrony since no synchrony of cell division prior to sporulation was reported.
In some preliminary experiments we obtained a second growth division after filtration. Therefore, a search was made for conditions which would allow more than one division of the cells after filtration. In one series of experiments, various amounts of additional sucrose (up to 0.5%), Casamino Acids (0.01 to 0.1%), and Trypticase (0.01 to 0.1%) were added separately to the SS medium. When the cultures were in approximately the same growth phase which gave synchrony in the SS controls, as estimated by turbidity measurements, the cultures were filtered and the filtrates were treated as previously described. Synchronous cultures showing more than one division were obtained only with the filtrates of cells which had been grown on SS medium supplemented with Trypticase (to 0.06%). Similar results were obtained when the supplements were added immediately after ifitration. Subsequent experiments indicated that more than one division occurred in SS medium supplemented with 0.01% L-glutamic acid or 0.01% L-aspartic acid. Figure 5 shows the results of a typical SSG asynchronous culture, similar to the one whose growth and sporulation pattern was illustrated in Fig. 2 , filtered when the culture was in the late log phase. The turbidity pattern was similar to that found with filtered SS cultures (Fig. 3) . Immediately after filtration, the culture contained 11 x 107 cells per ml, and in 2 hr there was a doubling to about 22 X 107 cells per ml. Thus, the generation time of the cells during this first division was 1 hr, which is shorter than that of the cells from the SS medium-filtered cultures. A second division ensued from 3 to 5.5 hr, when the cells again doubled to 42 x 107 cells per ml. This second division occurred during the same times that forespores were detected. The pattern of formation of forespores and sporangia was similar to that found in filtered SS cultures, but sporulation began slightly earlier. Furthermore, as shown by a comparison of the unfiltered with filtered SS culture ( Fig. 1 versus Fig. 3 ), a comparison of the unfiltered SSG culture with the filtered culture of the same medium (Fig. 2 versus Fig. 5) shows that the degree of sporulation synchrony is greater in the filtered culture. Forespores appeared during the second division, and the maximal number of forespores was reached at 6 hr after filtration. At that time, very few sporangia were detected, but they shortly appeared in greater number and were produced through 10 hr, when the maximal sporangial population was found. Strikingly different from what happened with the SS-filtered culture was the formation of forespores before the end of the last cell division.
It appeared to make little difference whether the cells had been grown in glutamate before filtration or whether the glutamate was added to SS-grown cells immediately after filtration. In both cases, two divisions were obtained after filtration. No immediate explanation can be given for this glutamate effect. It is known that glutamate plays an important role in sporulation (3, 5, 19, 21, 26) ; however, in the present system, if glutamate is required for sporulation, the endogenous glutamate would probably be sufficient since sporulation occurred in the SS medium alone. It would appear that glutamate plays a role mainly in the additional synchronous division only upon its addition to the medium (Fig. 5) . Glutamate has been shown to bring about a marked shift in growth rate (Fig. 1 versus  Fig. 2) ; subsequently, filtration of the SSG-grown cells results in different division behavior (Fig. 5) . Kjeldgaard, Maal0e, and Schaechter (16) have shown an increase in number of nuclei per cell followed by a shift in the division rate when Salmonella typhimurium was transferred from a minimal to a rich medium. Work is in progress to determine whether this is a possibility in the described B. megaterium system.
In all the experiments, microscope cell counts, particularly of those cells in chains, were based on the ability to discern individual cells in the phase-contrast microscope. Upon this basis, two divisions have been recorded (Fig. 5) ; however, this assessment indicated that forespore formation accompanied cell division. After staining the cells with crystal violet at various times after filtration, definite transverse septations could be noted at least 1 hr before they could be seen in the unstained preparations (Fig. 6) . to the appearance of forespores. However, it is still highly likely that sporulation events are in process even during the last division, since it is known (5) that thin sections observed in the electron microscope show the first morphological stages of sporulation 1 to 2 hr before they are seen under phase optics. That growth and sporulation are not incompatible is evident from the work of others (24, 28) who have demonstrated sporulation during the logarithmic phase of growth.
Furthermore, the high division index (Fig. 6 ) substantiates the degree of synchrony obtained in this system. The division index is analogous to the mitotic index in synchronous eucaroytic organisms (4, 23, 31) and is considered to be a good indication of overall synchrony (7, 30) . The division index is constant at about 40% in a SSG culture growing asynchronously.
The stepwise pattern of growth and the doubling of cell numbers at each division ( Fig. 2 and Fig. 5 23:1002, 1964) . In addition to the stepwise doubling of cell numbers, further evidence for synchrony has been given by the high division index, by the rapid formation of sporulation cell types, and by the increase in the homogeneity of the cell types when compared with the asynchronous culture.
